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The full extent of genetic diversity among small ruminant lentiviruses (SRLVs), i.e., caprine arthritis encephalitis viruses
(CAEVs) and maedi-visna viruses (MVVs), remains unknown. This is due in part to the fact that few sequences of CAEV are
available. To contribute to this knowledge, gag, pol, and env nucleotide sequences from an SRLV named CA680 originating
from a goat from western France were determined. This analysis revealed that this virus is closely related to the Cork and
63 CAEV American isolates. Mismatched amino acids between the CA680 virus and prototype CAEVs ranged from 6.7, 0.7,
and 17.5% for gag, pol, and SU sequences, respectively. The differences between the CA680 virus and MVV prototypes
ranged from 16.5, 12.5, and 32.3% for the protein sequences, respectively. A screening using a heteroduplex mobility assay
(HMA) adapted to SRLVs revealed that 6 of 10 caprine virus field isolates were closely related to CA680, indicating that
this latter isolate was a prototype of CAEVs common in the west of France. Phylogenetic trees drawn using CA, RT, or SU
sequences of numerous SRLVs and rooted with EIAV sequences revealed that CA680 and CAEV prototypes, all infectious
for goat, clustered in one group. From these HMA and phylogenetic analyses, it appears that U.S. and French caprine
SRLVs form a clade that had emerged from a much more diverse group containing all SRLVs infectious for sheep. These
ovine SRLVs form a more ancient group in which the EIAV is rooted. q 1997 Academic Press
INTRODUCTION (Klevjer-Anderson et al., 1982; Narayan et al., 1984). In
vivo, visna and CAEV induce lesions with different prefer-
The lentiviruses of sheep (Maedi-Visna virus or MVV) ential organ tropism (Cutlib et al., 1979; Adams et al.,
(Sigurdsson et al., 1957) and goats (caprine arthritis-en- 1980; Oliver et al., 1981). In vitro, although visna infection
cephalitis virus or CAEV) (Cork et al., 1974) cause neuro- results in lysis of both goat and sheep cells (Zink et al.,
logical, pulmonary, articular, and mammary diseases 1994), CAEV replicates defectively in sheep fibroblasts
(Crawford et al., 1980; Cheevers et al., 1988a,b; Narayan and causes persistent-fusiogenic infections in goat syno-
et al., 1992; DeMartini et al., 1993; Zink et al., 1994). vial cells (Zink et al., 1988, 1994; Chebloune et al., 1996b).
Both viruses pertain to the small ruminant lentiviruses Moreover, the Tat transactivation potential of visna and
(SRLVs), which are members of the lentivirus subfamily CAEV LTR are not perfectly reciprocal, this could be due
of retroviruses. The pathogenesis of the diseases in- to differences in their respective Tat proteins (Saltarelli
duced by these SRLVs are typified by a slowly progres- et al., 1990). The complete genomic sequences of one
sive course. In vivo, the cells principally infected are of CAEV and four MVVs have been cloned, they are consid-
the monocyte-macrophage lineage (Narayan et al., 1983; ered to be prototype SRLVs. The CAEV cloned was from
Gendelman et al., 1986). Despite some apparent differ- the U.S.A. (Saltarelli et al., 1990), the MVVs were from
ences in their biology, MVV and CAEV share highly ho- different geographical origins, Iceland for K1514 (Sonigo
mologous (60–65%) nucleotide sequences (Saltarelli et et al., 1985), South Africa for SA-OMVV (Querat et al.,
al., 1990) but present also numerous differences. In con- 1990), Great Britain for EV-1 (Sargan et al., 1991), and
trast to visna viruses, which induce moderate levels of New York for OLV-CU1 (Campbell et al., 1993). Their nu-
neutralizing antibodies (Narayan et al., 1978), CAEV infec- cleotide sequences seem to indicate that the CAEV and
tions seem to have never led to such antibody production MVV are related but distinct viruses. Gag and env se-
quences of MVV ZZV1050 from the Netherlands (Zanoni
et al., 1991) and CAEV 63 from the U.S.A. (Knowles et al.,
1 To whom correspondence and reprint requests should be ad- 1991), respectively, seem to confirm this view. But, recent
dressed at Lab. Re´trovirus et the´rapie, Baˆt. 2A, 1er e´tage, zoˆne nord.
partial nucleotide sequences of US (Chebloune et al.,Universite´ Victor Segalen Bordeaux 2, 146 rue Le´o Saignat, F-33076
1996a; Karr et al., 1996), Swiss (Zanoni et al., 1992), andBordeaux Cedex, France. Fax: (33) 05 56 51 41 81. E-mail: rmamoun@
hippocrate.bordeaux2.fr. French (Leroux et al., 1995) SRLV isolates have revealed
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that some ovine SRLV isolates are much more related to anol, dissolved in TE 0.11 (Tris–HCl, pH 8, 1 mM; EDTA
0.1 mM), and quantified spectrophotometrically.CAEV Cork strain than to previously described MVVs. A
counter argument has been suggested that some unex-
Amplification, cloning, and nucleotide sequencingpressible virus genomes (SH8 and SH11) found in sheep
may have originated from CAEV-like viruses that had
Polymerase chain reactions (PCRs) were carried out
evolved into ovine-type viruses (Chebloune et al., 1996a).
in 100 ml reaction buffer (Perkin–Elmer) containing 200
These discrepancies have perhaps come either from the
mM each of the dNTPs, 2 mM MgCl2 , 200 ng of eachorigin of the viral isolates or from the nature of the genes
primer, 1 U of Taq DNA polymerase (AmpliTaq, Perkin–
analyzed. Moreover, a comparative study is hampered
Elmer), and 1 mg of cellular DNA. The primers used are
by the fact that numerous published sequences are par-
presented in Fig. 1A. The reactions were performed in
tial and concerned different genes. Thus, the full extent
GeneAmp PCR system 9600 thermocycler (Perkin–El-
of genetic diversity among the CAEVs and MVVs remains
mer). After a denaturation at 957 for 5 min, samples were
unknown. At the veterinary level, significant strain differ-
submitted to 35 amplification cycles, each consisting of
ences would have an impact on the development of diag-
three successive steps: (i) denaturation for 40 sec at 927;
nostic procedures and vaccines.
(ii) annealing for 1 min at 56, 60, and 667 for gag, pol,
The objectives of this study were, first, to isolate an
and env respectively; (iii) extension at 727 for either 1
authentic CAEV field strain originating outside of the
min (gag and pol) or 90 sec (env). The extension time
U.S.A. and, second, to characterize and compare DNA
of the final cycle was 4 min. Amplified products were
sequences of different parts of its genome with those
precipitated by isopropanol and purified by running on a
available from different SRLVs.
low-melting point agarose gel. The bands of interest
Here, we report the isolation of a French virus named
were extracted using the Wizard kit (Promega), according
CA680 isolated from a goat presenting arthritic lesions.
the manufacturer instructions.
This virus was competent for replication. It was passaged
For cloning, the DNA fragments were blunt-ended us-
no more than two times in goat synovial membrane
ing the Klenow fragment of Escherichia coli DNA poly-
(GSM) cell culture before polymerase chain reaction
merase I and ligated to pGEM-1 plasmid previously lin-
(PCR) amplification and cloning. Sequences originating
earized with SmaI restriction enzyme and dephosphory-
from three different parts of the CA680 viral genome were
lated with calf alkaline phosphatase. Standard protocols
obtained. Comparison with other published sequences
(Sambrook et al., 1989) were used for all these manipula-
of CAEVs and MVVs showed that this caprine virus is
tions.
much more closely related to the CAEV Cork and 63
Nucleotide sequences were obtained using the di-
isolates than to the prototype MVV isolates. This conclu-
deoxy-chain termination method (Sanger et al., 1980)
sion is also true when the CA680 isolate sequence is
done on double-stranded plasmidic DNA. The primers
compared to the published sequences of French MVV
were oligonucleotides from the T7 and SP6 promoter
isolates (Leroux et al., 1995). A rapid screening of differ-
regions or oligonucleotides specific to SRLV gag, pol,
ent PCR DNA fragments obtained from other infected
and env genes described in the result section.
French goats indicated that the CA680 isolate is the pro-
totype of the most common strain infecting goats of west- Alignments and phylogenetic analysis
ern France. The most important conclusion of this report
is that all the known goat SRLV isolates, i.e., CAEVs, are The Genbank accession numbers of the sequences
used are: U63532 for OLV28, U63651 for OLV34, U57506closely related to each other and form a clade that seems
to emerge from the much more diverse and ancient MVV for SH8, and U57508 for SH11. To clearly identify the
SRLV origins, the prefixes ‘‘OV’’ and ‘‘CA’’ were addedgroup.
for some nonprototype ovine and caprine viruses. Thus,
isolates 676, 684, 685 (Leroux et al., 1995), OLV28, andMATERIAL AND METHODS
OLV34 (Karr et al., 1996) were named here OV676, OV684,
Preparation of DNA from CAEV-infected cell cultures
OV685, OV28, and OV34, respectively; in the same man-
ner, our caprine isolate was named CA680. MultipleGoat Synovial Membrane (GSM) cells (Narayan et al.,
1980) were infected with cell-free virus. After emergence sequence alignments and hamming distances were ob-
tained using the CLUSTAL W version 1.6 programof syncytia, cell monolayers were washed with phos-
phate-buffered saline (PBS) and harvested. DNA extrac- (Thompson et al., 1994). Phylogenetic trees were con-
structed using the version 3.5c of the PHYLIP programtion was performed using the nucleic acid extraction kit
Isoquick (Microprobe), according to the manufacturer’s package of J. Felsenstein (Felsenstein, 1985, 1993).
These programs were obtained through Bisance and In-protocol. Briefly, cells were lysed using guanidine thiocy-
anate and a nuclease-binding matrix was added. After fobiogen facilities (GIS Infobiogen, F-94801 Villejuif).
For each gene, phylogenetic trees were constructedcentrifugation the extracted DNA was precipitated by eth-
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using either the nucleotide sequences or the translated and was isolated by cocultivation of milk white cells with
GSM cells. After two rounds of cell-free infection, theamino acid sequences; as they gave identical results,
only the nucleotide-based trees are presented. Phyloge- infected GSM cells were harvested when the syncytia
were at their maximum level. The DNA extracted fromnetic studies on nucleotide sequences were performed
by using either the neighbor-joining, Fitch-Margoliash, or the infected GSM cells was used to amplify three DNA
fragments representing parts of CA, PR, POL, Tat, anduniformly weighted Parsimony methods. These programs
do not assume that there is an evolutionary clock, in Rev proteins and the entire SU protein (Fig. 1A). The
primer pairs were chosen on relatively well conservedconsequence the total length of branches from the roots
of the trees are not constrained and could be different. regions of CAEV and MVV sequences (Fig. 1B). The use
of these primers and of a molecular clone of CAEV CorkAll trees were rooted with EIAV as the outgroup. The
matrix of pairwise sequence distances were calculated (Pyper et al., 1986) led to the amplification of DNA frag-
ments of 624 nucleotides (nt), 711 nt, and 2152 nt, respec-by the Kimura’s two parameter method and a ratio of
transition to transversion of 2 using DNADIST. Phyloge- tively, sizes that include the primers. In the same manner,
DNA extracted from the infected GSM cells permittednetic trees were constructed from the distance matrix
using the neighbor or Fitch methods. Maximum parsi- the amplification and cloning of the same CAEV/MVV-
specific DNA fragments (not shown). As no DNA frag-mony trees were generated by using DNAPARS and then
phylogenetic trees were drawn with TREEVIEW, version ment was amplified using uninfected GSM cells, this con-
firmed both the presence of a CAEV/MVV-related virus1.3 (Page, 1996). The statistical robustness of the re-
sulting phylogenetic trees was assessed with the SEQ- and the specificity of these primers. To validate a consen-
sus sequence from these PCR-generated DNAs, threeBOOT program by bootstrap resampling analysis gener-
ating 100 or 1000 reiterated data sets. The resulting boot- independent single-round PCR reactions and cloning
were done before DNA sequencing.strap values were added manually at each corresponding
node of the respective trees.
Phylogenetic relationships were established from the The gag gene
predicted protein sequences using the SEQBOOT, PRO-
DIST, PROPARS, and CONSENSE programs in parallel. The nucleotide sequence of the 624-base pair (bp) gag
gene DNA fragment was determined. The deduced amino
acid (aa) sequence internal to the primer (580 nt) repre-Heteroduplex analysis
sented the aa14 to aa206 of the CA protein. Comparison
The conditions for performing heteroduplex mobility with the corresponding region of CAs of Cork CAEV, K1514
assay were adapted from those described for HIV (Del- Icelandic and ZZV1050 Dutch MVVs, and EV-1 and
wart et al., 1993). Briefly, heteroduplexes were obtained SAOMVV related ovine lentiviruses is presented in Fig. 2A.
by mixing equal amounts of a PCR-amplified DNA to be It shows that the amino acid sequence of CA680 was
characterized, with a reference PCR-amplified DNA from closely related to the prototype CAEV, i. e., strain Cork. The
either Cork or CA680 strains. The mixed DNAs were calculated pairwise hamming distance (Table 1) with the
denatured at 947 for 3 min and reannealed by rapid cool- Cork strain was 9.5% for DNA and 6.7% for deduced pro-
ing on ice. Heteroduplexes were resolved by electropho- teins. When compared with ovine maedi-visna viruses,
resis on a nondenaturing 5% polyacrylamide gel in TBE these distances were to be around 22% for DNA and 16.5%
buffer at 250 V for 3 hr and stained with ethidium bromide. for proteins. These latter values were similar to those ob-
A 100-base pair ladder (Pharmacia Biotech) is used as tained by comparison of the Cork strain with ovine maedi-
molecular weight marker. The mobility of heteroduplexes visna viruses (22 and 14%, respectively). The majority of
formed between sufficiently divergent molecules is re- variations between Cork and CA680 strains were located
duced relative to that of the fully complementary homodu- in the COOH half-part of the CA. This was surprising as
plex molecules. the COOH terminus of retrovirus CAs have been generally
described as better conserved than the NH2 terminus. Only
Accession numbers two mutations and one 4 amino acid gap occurred in the
Aa14 to Aa100 region. Seven mutations occurred in the regionThe Genbank accession numbers of env, gag, and
composed of Aa101 to Aa206 of the CA, one (D155 r E) waspol CA680 sequences are AF015180, AF015181, and
in the so-called major homology region (MHR) and affectsAF015182, respectively.
an amino acid that is conserved in CAEV Cork, HIV, and
SIV CAs. More, from the numerous HIV CA amino acidsRESULTS
conserved in the CAEV Cork CA, the D155 is the sole amino
acid that was not also conserved in CAEV CA680. TheGoat 680, originating from western France, was found
positive for infection with a CAEV/MVV using an AGID major substitution was the P168 r A, the others seemed to
be less important as they were more conservative. Interest-test. The harbored virus, named CA680, was infectious
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FIG. 1. (A) Location of sequences amplified from CA680-infected cell cultures. (B) PCR primer pairs used to amplify CA680 subgenomic fragments;
sequences are numbered according to the published sequence of CAEV-Cork (Saltarelli et al., 1990).
ingly, the 4 amino acid gap (aa88–aa91) corresponded to a protease and the first 168 amino acids of the reverse
transcriptase (RT). The major part and the most signifi-2 amino acid gap in the MVV and to a peptide located after
cant variations between the Cork and CA680 strains wasthe 4th a-helix (G62–N85 residues) on a 3D model of CA
located in the protease fragment. For the RT fragment,protein based on the HIV CA crystallographic structure (Gitti
except two minor substitutions (K2 r E and K23 r R), theet al., 1996; Momany et al., 1996). This deletion occurred
amino acid sequences of the CA680 and Cork isolatesin a proline and glycine highly rich and nonstructured region
were identical. The conclusion was different when com-that faces the center of the viral core. Despite the elimina-
paring the sequence of CA680 with those of MVVs K1514,tion of two prolines and one glycine, two residual pro-
EV-1, SAOMVV, and even with those of the French MVVslines86,87 and two residual glycines92,93 remain. Thus, the
OV684, OV685, and OV676. This close relationship be-overall potential of forming a turn structure between the
tween the Cork and CA680 strains corresponded to a4th a-helix and the 5th a-helix (Q119 –H137 residues) is con-
variation of 9.3% for DNA and 0.7% for proteins. Whenserved. The cysteine190, highly conserved in all lentiviruses,
compared with prototype ovine maedi-visna viruses,was also conserved in the CA680 virus strain. The putative
these distances were of around 18% for DNA and 13% forpuff region (Argos, 1989), localized between Aa95 and Aa118,
proteins. These distances were similar to those observedpresented no variation.
between the Cork and ovine maedi-visna viruses (21 andThe aligned sequences permitted construction of a
13%, respectively) (Table 1). The calculated pairwise dis-phylogenetic tree which describes the genetic relation-
tances, between the group formed by Cork and CA680ship of the French caprine lentiviral isolate to the other
versus the French ovine isolates OV684 and OV685, ex-ovine and caprine isolates (Fig. 5A). It shows that the
tended from 14.4 to 15.5% for DNA and from 4.7 to 7.3%CA680 caprine isolate clustered with the Cork isolate in
for protein. When distances among OV676 and botha branch distantly related to the maedi-visna group (MVV)
CA680 and Cork were considered, these values went upconsisting of EV-1, SA-OMVV, ZZV1050, and K1514 iso-
to 18.2–21.7% for DNA and 14% for proteins.lates. Rooting the tree with the EIAV CA sequence re-
The phylogenetic tree (Fig. 5B) confirmed these obser-vealed that both branches diverged from this root.
vations and brought a new perspective on the SRLV rela-
The pro-pol gene tionship. First, the EIAV rooted (node 1) in between two
The amplified 711 NT fragment corresponded (Fig. 2B) branches, one with OV676 alone, the other harboring all
other SRLVs. The latter branch dichotomized (node 2,to the coding region of the last 53 amino acids of the
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FIG. 2. Alignment of deduced amino acid sequences of caprine and ovine lentivirus gag (A) and pro/pol (B) central part ORF products. The first amino
acid shown for gag is the 14th of the CA. The 54th amino acid of pro/pol protein is considered to be the 1st of the RT mature protein. Dashes indicate
deletions; conserved cysteine residues are underlined; positions of potential a-helices and MHR are indicated; …», putative cleavage site leading to mature
Protease and RT. ., : , /, and * in consensus sequence indicate positions which contain 20, 40, 60, and 80%, respectively, of the most frequent amino acid.
bootstrap value  80.4) into two branches, one with the subbranch (bootstrap value  92.7). This phylogenetic
tree clearly shows that the caprine originating SRLVMVV prototypes, the other with CAEV Cork and CA680
on a subbranch and OV684 and OV685 on a distinct clade is located on an opposing branch from the EIAV
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TABLE 1
Nucleotide and Amino Acid Distances among Sequences of CAEV and Visna VIrusesa
GAG (CAp25)b POL (RT)c TAT (3* end)d REV (1S1 exon)a SU f
Nucleotide Amino acid Nucleotide Amino acid Nucleotide Amino acid Nucleotide Amino acid Nucleotide Amino acid
Isolateg Cork 680 Cork 680 Cork 680 Cork 680 Cork 680 Cork 680 Cork 680 Cork 680 Cork 680 Cork 680
Cork 9.5 6.7 9.3 0.7 9.9 15.4 23.2 40.5 15.3 17.5
63 — — — — — — — — 4.1 9.9 10.3 20.5 17.9 28.6 27.0 43.2 11.6 16.6 12.5 19.3
K1514 22.6 23.3 12.4 15.7 21.3 19.3 14.0 14.0 49.3 46.5 50.0 50.0 66.9 66.2 83.0 83.0 31.6 29.4 33.5 32.7
EV-1 23.3 23 15 17.3 20.2 18.2 12.7 12.7 49.3 47.9 50.0 50.0 62.5 64.0 84.4 80.0 31.5 31.0 34.5 34.1
SAOMVV 22.1 22 14.5 16.8 21.5 18.8 10.7 10.7 46.5 47.9 50.0 52.2 70.4 66.2 85.1 80.9 29.7 28.5 31.1 30.1
ZZV1050 21.6 21.3 14.5 16.2 — — — — — — — — — — — — — — — —
OV684 — — — — 15.5 15.3 6.7 7.3 — — — — — — — — — — — —
OV685 — — — — 15.5 14.4 4.7 5.3 — — — — — — — — — — — —
OV676 — — — — 21.7 18.2 14.0 14.0 — — — — — — — — — — — —
OV28 — — — — — — — — — — — — — — — — 23.2 24.9 25.3 25.5
OV34 — — — — — — — — — — — — — — — — 23.9 25.4 26.1 25.5
SH8 — — — — — — — — — — — — — — — — 14.9 13.8 17.3 17.1
SH11 — — — — — — — — — — — — — — — — 14.9 13.7 16.9 16.5
a Differences were calculated as the percentage of nucleotide or amino acid substitution upon two by two comparison of isolates. Sequence
alignments, excluding regions corresponding to primer sequences, and hamming distances were estimated by using CLUSTAL W, version 1.6. The
compared sequences correspond to positionsb 979 to 1558, c2158 to 2688, d5831 to 5951, e6012 to 6122, and f6477 to 7907 of the CA, RT, Tat, Rev,
and SU coding regions respectively, according to the published sequence of CAEV-Cork strain (Saltarelli et al., 1990).g Cork and 63 are American
isolates of CAEV (Saltarelli et al., 1990; Crawford et al., 1980). K1514, EV-1, SAOMVV, and ZZV1050 are Icelandic, British, South-African, and Dutch
isolates of MVV, respectively (Sonigo et al., 1985; Sargan et al., 1991; Querat et al., 1990; Zanoni et al., 1991). OV684, OV685, and OV676 (Leroux
et al., 1995). OV28 and OV34 are isolates recovered from American sheep (Karr et al., 1996). SH8 and SH11 are two CAEV-like proviruses isolated
from American sheep (Chebloune et al., 1996a). —, not available.
root. This indicates that the emergence of the cluster MVV strains sequenced to date (Saltarelli et al., 1990;
that contains known caprine isolates occured at node 3 Jackson et al., 1991). Despite a relative divergence in
simultaneously with the apparition of the ovine SRLV the NH2 half-part of the sequenced Tat fragment, the
OV684/OV685 cluster, but after two successive cysteine-rich carboxy-terminus domain was identical
branchings at nodes 1 and 2 that led to two clusters with the Cork strain. The conservation, through all the
(OV676 and K1514/SAOMVV/EV-1) exclusively containing small ungulate lentiviruses, of this cysteine-rich domain
ovine SRLVs. indicates its importance (Colombini et al., 1989; Har-
mache et al., 1995).The tat gene
The 2152-bp amplified fragment contained the coding
The rev first exonsequence of the last 39 COOH terminal amino acids of
Tat. Its overall sequence confirmed and extended the
preceding conclusions that the CA680 caprine isolate is The rev first exon of CAEV was located in the beginning
much more related to the CAEV group than to the MVV of the env ORF. The predicted signal peptide (residues
group. The pairwise distances between the CA680 iso- 55–78 of the Cork isolate) of Env polyprotein was distant
late and the two CAEV isolates (63 and Cork) were of from the AUG starting amino acid (Saltarelli et al., 1990).
9.9% for nucleotides and of 15–20% for amino acids (Ta- This implies that the major Env polyprotein does not
ble 1). These distances increased to around 50% for DNA share any residues with the first 37 amino acids of the
and protein when comparing the CA680 and MVV strains. Rev protein. At the nucleotide level, the splice donor site
As for the Cork and 63 CAEV strains, the Tat COOH for the second rev exon is highly conserved (data not
terminus of the CA680 isolate did not contain the highly shown). Comparison of the CA680 Rev amino acid se-
conserved QVRNVEL peptide (Fig. 3) characteristic of the quence with those of two CAEV and three MVV isolates
revealed similarities with that of CAEV isolates and, when
gap distribution was examined, the similarity was greater
with the Cork isolate (Fig. 4). When compared the CA680
isolate to CAEV Cork, CAEV 63 and MVV isolates, pair-
wise distances were 23.2, 28.6, and around 65% for DNA
and of 40.5, 43.2, and around 81% for amino acids (Table
1), respectively. Despite these variations the three poten-FIG. 3. Alignment of deduced 3*-half amino acid sequences of the
tial AUG starting codons (Knowles et al., 1991) were con-Tat protein. l, stop codon. The cysteine-rich carboxy terminus domain
is underlined. served in the three CAEV strains.
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The env gene originating from infectious viruses differed from those of
the CAEV group by only 28.5–31.6% in nucleotides, and
An amplified and sequenced 2152-bp fragment com- as much as 30.1–34.5% in amino acids. The variations
prised the signal peptide, the entire Surface glycoprotein in the CAEV CA680 occurred mostly at sites for which
(SU), and the NH2 terminus of the Transmembrane glyco- known isolates of small ungulate lentiviruses differ (Fig.
protein (TM). The alignment (Fig. 4) indicated a similarity 4). Particularly the HV1 site (peptide surrounding amino
between CA680 Env signal peptide and those of the two acid 190) as predicted by Saltarelli et al. (1990) was
CAEV isolates except for three additional amino acids highly variable.
inserted between amino acids 78 and 79 (numbering of The phylogenetic env tree (Fig. 5C) was constructed
CAEV Cork). The major amino acid substitution in the using the former env sequences and sequences of
signal peptide concerned position 80 for which the con- SRLVs originating from sheep. These latter viruses were
served cysteine was substituted by a tyrosine. To gener- either SRLVs infectious for sheep cells (prototype MVVs,
ate the mature SU, a cellular protease probably recog- OV28, and OV34) or SH8 and SH11. The two latter strains
nizes a peptide extending on the last amino acids of the originated from unexpressible proviruses of two Ameri-
signal peptide and the beginning of the SU. Except for can sheep that are suspected to originate from abortive
the C r Y substitution, this region was similar for Cork infections with CAEV viruses (Chebloune et al., 1996a).
and CA680, suggesting the same N-terminal cleavage This tree confirmed one above conclusion obtained with
site for SU proteins of both viruses. Concerning the gag and pol sequences, i.e., the CAEV group including
COOH-terminus of the SU, the cellular protease responsi- the CA680 isolate forms a clade distantly related to the
ble for the cleavage between SU and TM recognizes the prototype MVVs. Two branches diverged starting from
highly basic peptide ‘‘R1 K/R R.’’ The Cork Env presented the EIAV root, one harboring prototype MVVs, OV28, and
two R K K R peptides (positions 620–623 and 629–632), OV34, the other harboring the Cork, 63, and CA680 CAEV
the 63 Env presented one different but still highly basic isolates and the unexpressible SH8 and SH11 SRLVs.
peptide (R R K R) and one R K K R peptide. This situation
has also been described for HIVs for which it was sug- Heteroduplex analysis of PCR env DNA fragments
gested that the cleavage site is located after the second originating from different arthritic goats
peptide (Dubay et al., 1995). This was confirmed by the
CA680 isolate Env amino acid sequence which con- To extend these results to other field isolates (named
served only one R K K R consensus peptide and for which French CAs), viral DNAs from different tissues or fluids
the first consensus peptide was converted for the lesser of 10 arthritic goats originating from different herds of
consensual L K K R peptide. Thus, the SU protein started distant regions of France were isolated. DNA was ex-
at amino acid 87 (numbering of the CA680 strain) of the tracted and a 350-bp fragment of the CAEV env gene
env ORF and ended at amino acid 632. The CA680 SU was amplified by PCR. The resulting amplified DNA frag-
protein was 546 amino acids long, four and three amino ments, which span the HV1 site, were analyzed by an
acids shorter than that of CAEV 63 and Cork, respectively. heteroduplex mobility assay technique adapted to
The loss of three amino acids corresponded to a unique SRLVs. This assay is based on differences in electropho-
deletion of the T R I peptide (residues 659–661 of Cork) retic mobility of hybrids between different sequences.
located just upstream of the first potential cleavage site. The electrophoretic mobility reduction of heteroduplexes
All the twenty-two cysteines present in Cork and 63 CAEV is proportional to the divergence of the sequences, hy-
SUs were conserved in the CA680 SU. Twenty-three po- bridization of identical sequences led to homoduplexes
tential glycosylation sites have been described for the of the higher mobility. Figure 6A shows hybridization with
Cork SU protein (Saltarelli et al., 1990); one of them (the a Cork DNA fragment. Figure 6B shows hybridization with
9th, residue 391), absent for the CAEV 63 SU but present a CA680 DNA fragment. When hybridized with Cork DNA
in the MVV SUs, was still present in the CA680 SU. The (Fig. 6A) all sample DNA fragments formed hetero-
4th glycosylation site of the Cork SU protein that is absent duplexes of low mobility, a mobility similar to or lower
in MVV and 63 SU proteins was also absent in the CA680 than that of heteroduplexes formed between Cork and
SU protein. To include the SH8 and SH11 sequences CA680 DNAs (Fig. 6A, lane 3; Fig. 6B, lane 1). Moreover,
pairwise distances, comparisons were done on the com- the heteroduplexes mobilities are all mildly to highly dif-
mon part of sequences only (Table 1). The hamming dis- ferent (Fig. 6A, lanes 3–13), indicating that they originate
tances obtained indicate that the three CAEVs varied from truely different isolates and not from possible PCR
among themselves by 11.6–16.6% in nucleotides and cross-contaminations.
12.5–19.3% in amino acids. Thus, the observed differ- When hybridized with CA680 DNA (Fig. 6B), six sample
ences were slightly higher for amino acids than for nucle- DNA fragments formed homoduplexes (lanes 6 to 11)
otides. This phenomenon was more pronounced when with apparent migrations similar to that of the auto-an-
nealed CA680 fragment (lanes 12), and four sample DNAcompared with the MVV group. The MVV SU sequences
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FIG. 5. Phylogenetic trees of CAEV and MVV isolates derived from DNA sequences of partial gag CA (A), pol RT (B), and env SU (C) genes.
Phylogenetic relationships were determined by the Fitch method. All trees are rooted (indicated by an arrow), with the EIAV lentivirus as the
outgroup. (A) The data subset is a 580-nucleotide-long capsid domain of the gag gene, aligned to the American CAEVCork strain and four MVV
prototype strains (K1514, EV-1, SAOMVV, and ZZV1050). (B) The data subset is a 450-site-long reverse transcriptase domain of the pol gene, aligned
to the Cork strain, three MVV prototype strains (K1514, EV-1, and SAOMVV), and three French MVV isolates (OV676, OV684, and OV685). Isolates
originating from sheep were included in a shaded area. (C) The data subset is a 1430-site-long SU domain of env gene, aligned to the American
CAEV strains (CAEVCork and CAEV63), five MVV strains (OV28, OV34, K1514, SAOMVV, and EV-1), and two CAEV-like proviruses (SH8 and SH11)
isolated from American sheep. The origins and replicative properties of isolates discussed in the text are delineated (arcs).
fragments formed heteroduplexes of medium mobility sequences from different regions of the viral genome
were PCR amplified, cloned, and characterized.(lanes 2–5). In all cases, the mobilities of the latter four
Comparison of the CA680 CA protein with those ofare higher than that of heteroduplexes formed between
CAEV Cork or MVVs revealed that the larger differenceCork and CA680 DNAs.
was located in an unstructured region after the 4th puta-These results indicate that 6 of 10 samples were differ-
tive a-helix. In this region, the CA680 CA sequence wasent but closely related to the CA680 strain, the remaining
four and two amino acids shorter, respectively. The mainsamples were closer to the CA680 strain than to the Cork
surprise came of the COOH-terminus, a CA domain clas-one. Thus, the CA680 strain is a prototype of a CAEV
sically described as highly conserved, for which Corkstrain common in western France.
and CA680 differ notably. These deletions and mutations
of the CA seemed not to impair the replicative potentialCONCLUSION
of the CA680 virus. Concerning the pol sequences of
In this report, we described the molecular character- CA680 and Cork CAEV, they were quasi-identical, but
ization of a French field strain of CAEV. This is the first their protease sequences were slightly different. The
report concerning gag, pol, and env sequences of a CAEV CA680 Env protein aligned well with those of CAEV Cork
strain from a goat originating outside of the U.S.A. To and 63, but a nonconservative substitution (R r L) in one
of the two potential cleavage sites between SU and TMlocate precisely this strain in the SRLV phylum, DNA
FIG. 4. Alignment of deduced Env amino acid sequences of caprine and ovine lentiviruses. See legend to Fig. 2 for symbols in the consensus
sequence. Dashes indicate deletions. The conserved cysteine residues are underlined; the N-linked glycosylation sites of CAEV Cork as well as
those conserved in other sequences are shown in boldface letters. Rev…, first exon of Rev protein; »SPHD…, signal peptide hydrophobic domain
(relative to Cork strain); »SU, 5*-terminal amino acid of surface protein; SU…»TM, putative cleavage site between surface and transmembrane
glycoproteins.
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FIG. 6. Heteroduplex mobility analysis of CAEV env DNAs. Heteroduplexes were formed between either Cork (A) or CA680 (B) DNAs hybridized
with DNAs from 10 isolates (named ‘‘French CAs’’) originating from different herds of western France. The HMA of the lanes A-4 and B-11 are done
with the same DNA; This is also the case for A-5 to A-13 and B-11 to B-2, respectively. CAEVCork PCR fragment (350 bp) was obtained from pK9
plasmid. CA680 PCR fragments were generated from a molecular clones obtained from a CA680-infected cell culture. M, molecular weight marker.
proposed earlier for prototype CAEVs indicated that the rived from the information contained in the different trees
and in the HMA analysis. Altogether they showed that:more COOH-proximal site may be the effective cleavage
site. Numerous regions of the SU protein presented pref- (i) whatever the analysis done, i.e., gag, pol, or env se-
quence alignments and HMA, all the CAEV strains, evenerential accumulation of amino acid variations. They
seemed to define variable and conserved regions char- from different geographic areas, formed a unique closely
related and only slightly divergent clade; (ii) the ovineacteristic of lentiviruses SU proteins, but a precise defini-
tion of such domains will require more CAEV SU se- lentiviruses, despite their divergence in at least three
clusters, can be included in only one larger group; (iii)quences. The calculus of the ratio of the nucleotide varia-
tions versus the amino acid variations led to values more interesting, the pol phylogenetic tree revealed that
the EIAV rooted in the center of the ovine SRLV group;higher than 1 (mean value  1.6) for gag and pol and
lower than 1 (mean value  0.9) for env. This revealed from this root, the ovine virus group diverge (Fig. 5B,
nodes 1, 2, and 4) and the caprine virus clade is on aa pressure in favor of the SRLV SU protein variability, a
situation characteristic for SUs of lentiviruses. unique branch that emerged from the ovine group at
the node 3 level recently. This implies that some ovineThe main conclusion was derived from HMA and phy-
logenetic analysis. Despite the very different geographi- originating SRLVs may be closer related to caprine
SRLVs than to prototype ovine SRLVs. But, in any case,cal origin, the CA680 strain was much more closely re-
lated to the Cork CAEV from the U.S.A. than to all the all caprine SRLVs characterized to date are more related
to each other than to the prototype MVVs. Altogether,other infectious SRLVs isolated in ovine hosts from the
U.S.A., Iceland, the Netherlands, and even France. All 10 this supposes the occurrence of an event in an ancestral
ovine SRLV that led to an SRLV adapted to caprine hosts.SRLVs isolated from French goats (or French CAs) were
more closely related to CA680 strain than to the Cork This hypothesis does not exclude the potential, for cap-
rine SRLVs, to still infect ovine hosts. This possibility isstrain. Remarkably, the U.S.A. originating SH8 and SH11
SRLVs, unexpressible in their sheep cell hosts, were also sustained by the existence of SH8 and SH11 unexpress-
ible proviruses (Chebloune et al., 1996a) and by numer-closer related to the CA680 isolate than to the prototype
CAEV. This seemed to confirm the suggestion of ous SRLV sequences from ovine hosts (Zanoni et al.,
1992).Chebloune et al. (1996a) that their sheep-isolated provi-
ruses had probably originated from abortive infections
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